We directly compared TomTec and QLAB software packages for the three-dimensional echocardiographic (3DE) assessment of left ventricular (LV) dyssynchrony including their ability to predict response to cardiac resynchronization therapy (CRT) in patients with ischaemic and non-ischaemic cardiomyopathy.
Introduction
Left ventricular (LV) dyssynchrony due to improper coordination in intraventricular electrical activation has emerged as an important factor in the pathogenesis of heart failure. Cardiac resynchronization therapy (CRT) that was specifically developed to correct LV dyssynchrony is now an established treatment in heart failure.
However, approximately one-third of patients fail to improve after CRT and several studies have suggested that mechanical dyssynchrony might be a better predictor of response to CRT than the current selection criterion of prolonged QRS. 4, 5 Use of three-dimensional echocardiography (3DE) for mechanical dyssynchrony assessment is now gaining increasing attention, in particular after the disappointing results of two-dimensional echocardiographic (2DE) and tissue Doppler dyssynchrony parameters for the prediction of response to CRT in the multi-centre PROS-PECT trial. 6 The 3DE-derived systolic dyssynchrony index (SDI) has been proved to be a feasible and reliable parameter of LV mechanical dyssynchrony, which may have additional value to current selection criteria for an accurate prediction of response to CRT. 7, 8 Currently, there are different 3DE quantitative software packages that quantify LV volumes and function, including dyssynchrony. The accuracy of these software packages for the quantification of LV volumes and ejection fraction (EF) has been extensively validated with cardiac magnetic resonance as the reference technique 9 and their comparability was found to be clinically acceptable in both adult and paediatric populations. 10 -12 However, a recent meta-analysis on the assessment of LV dyssynchrony with 3DE demonstrated that different software packages provide different SDI values. 7 Distinguishing normal from pathological mechanical dyssynchrony values and establishing a generally usable cut-off value for the prediction of response to CRT may be hampered if measurements by different software packages are not comparable. The aim of the present study was to directly compare two of the most commonly used software packages, namely TomTec (fourdimensional LV analysis, Research Arena 3.0, TomTec, Munich, Delaware) and QLAB (3DQ Advanced, QLAB 7 or 8, Philips, The Netherlands), for the assessment of LV mechanical dyssynchrony in a prospective manner. In addition, we evaluated their ability to predict response to CRT.
Methods

Study population
A total of 185 heart failure patients with the LVEF ≤35% by 2DE referred for 3DE as part of a screening protocol for eligibility for CRT and/or ICD were included. In addition, 64 healthy volunteers were enrolled in this study. All subjects gave informed consent and the institutional review board approved the study. Twenty-two patients were excluded due to the presence of atrial fibrillation and the remaining subjects underwent 3DE. After acquisition, 23 patients and 4 healthy volunteers were excluded due to poor image quality (defined as ≥3 non-visualized LV segments, blurred blood-tissue interface of the LV endocardial border or the presence of stitching artefacts precluding the analysis) and a total of 200 subjects (140 patients and 60 healthy volunteers) were included for evaluating the agreement between both software packages for the assessment of LV dyssynchrony. Out of the 140 patients (age 66 + 10 y), there were 99 (71%) men, and 90 (64%) had ischaemic cardiomyopathy, NYHA class was 2.9 + 0.4. The Minnesota quality of life score (QOL) was 36 + 20, 6-minute walk test (6-MWT) was 396 + 130, and QRS duration was 142 + 31 ms with 112 (80%) patients had QRS .120 ms. Out of the 60 healthy volunteers (age 41 + 15 years), 44 (73%) were men.
Out of the 140 patients, 60 patients underwent CRT and were followed over a period of at least 6 months (median: 6.6 months, IQR1 ¼ 6.1 and IQR3 ¼ 9.3 months) to compare the ability of both software packages to predict response to CRT. Adequate 3DE studies were performed for 50 patients at the time of follow-up. Patients' characteristics are shown in Table 1 . To adequately answer the aim of the study, namely that there might be a difference between both software packages for the assessment of LV dyssynchrony, all 3DE acquisitions were performed by a single operator. In addition, all the analyses were done by one observer (M.F.) who was equally experienced with both software packages 13, 14 after optimal adjustment of the spatial resolution for each software. Inter-observer reliability of SDI for both software packages was assessed in a randomly selected 20 patients by two experienced observers (M.F. and S.K.) and for intra-observer reliability in 40 patients in blinded fashion on average 1 month apart.
Image acquisition
All patients underwent 3DE studies by an experienced operator using iE33 echocardiographic machine equipped with X3-1 or X5-1 matrixarray transducer (Philips, Andover, MA, USA hold, 4 wedge-shaped subvolumes were acquired from an apical view to create full-volume data sets. Care was taken to include the entire LV within the 3D scan volume by decreasing the depth and sector width as much as possible to improve the temporal and spatial resolution of the images.
Quantitative analysis by QLAB
Using QLAB version 7 or 8, 3DQ Advanced software (Philips, Andover, MA, USA) a semi-automated border detection biplane LV analysis was performed. For the quantification of LV volumes and function, the longitudinal axes were aligned in the first frame of the loop which corresponds to LV end-diastole, in both the apical four-chamber and two-chamber views. Care was taken in proper definition of both apical views and orthogonal views to avoid foreshortening. Then, tracing was performed by marking five points: septal, lateral, anterior and inferior on the mitral annulus, and the fifth point on the LV apex in either view. A semi-automated blood-endocardial interface detection algorithm then automatically identified the endocardial border and calculated the LV end-diastolic volume (EDV). Unsatisfactory delineation of the endocardial border was manually adjusted. The end-systole was selected by visually identifying the frame with the smallest LV cavity size just before mitral valve opening, where tracing was repeated in the same manner as for the end-diastole to obtain the LV end-systolic volume (ESV). The software automatically detects the endocardial borders in three dimensions, throughout the cardiac cycle and calculates LV volumes and EF. Although QLAB divides the LV model into 17 segments, by applying sequential analysis, the software excludes the apical segment and provides only 16 subvolumes to derive time volume curves for each segment. Time to peak contraction (minimum volume) is calculated, and SDI defined as the SD of these timings is given as a percentage of cardiac cycle duration after normalization for the R -R duration (SDI %) ( Figure 1A ).
Quantitative analysis by TomTec
Using the TomTec Research Arena 3.0 software (TomTec Imaging Systems GmbH Unterschleissheim, Germany), a semi-automated border detection triplane LV analysis was performed for the same image that was analysed with QLAB. The three planes (apical fourchamber, two-chamber, and three-chamber views) are the (tri) planes used for primary analysis. To avoid foreshortening, the meeting points of all planes are adjusted to meet in the centre of the LV cavity. The endocardial border in one of the three planes is manually traced in both the end-diastolic and end-systolic frames that are identified automatically in the software. Unsatisfactory delineation of the endocardial border was manually adjusted. Subsequently, a final reconstruction of the LV model with a similar segmentation to QLAB is provided with calculation of LV volumes, EF, and SDI% ( Figure 1B ).
Cardiac resynchronization therapy
Within the patient group referred for CRT, 60 patients underwent CRT according to the current clinical selection criteria (i.e. LVEF ≤35%, NYHA functional class III or IV despite optimal medical treatment, and QRS width .120 ms) with the exception of 6 patients who had a QRS width ,120 ms. These patients were followed up for at least 6 months with 2DE, and clinical status assessment, including NYHA class, 6-MWT, and QOL, was performed in all patients, whereas, 3DE was performed in 50 patients. Indicators of response to CRT at follow-up were reverse remodelling defined as a reduction in ≥15% in the LVESV as measured using the 2D Simpson's biplane rule and clinical response as assessed by (i) reduction of NYHA by ≥1 class, (ii) increase in 6-MWT by ≥50 m 15 or (iii) reduction in QOL by ≥15 points. 15 In addition, a laboratory response defined as reduction in ≥50% in the NT-proBNP level was evaluated 16 ( Table 3) .
Statistical analysis
Data were analysed using SPSS version 15.0 (SPSS, Inc., Chicago, IL, USA). Continuous data are presented as mean + SD and compared using Student's t-test. Categorical data are presented as a count and percentage and compared using the Chi-square test or the Fisher exact test, as appropriate. Correlations between both software packages for the quantification of LV volumes and dyssynchrony were assessed using Pearson's correlation coefficient. Intersoftware packages agreement on the presence (or absence) of significant LV dyssynchrony was evaluated using Cohen's unweighted kappa coefficient. Inter-observer and intra-observer reliability was measured by calculating Pearson's and kappa coefficients for continuous values and agreement on the presence (or absence) of significant LV dyssynchrony, respectively. A value of P , 0.05 was considered to be significant.
Results
The total feasibility of using 3DE in assessing LV mechanical dyssynchrony (SDI) was 80% for both acquisition and quantitative analysis in the studied population.
Quantification of LV mechanical dyssynchrony (SDI)
The mean SDI measured by TomTec and QLAB software was significantly different in both patients (10.9 + 3.8% with TomTec vs. 9.7 + 3.9% with QLAB, P , 0.001) and healthy volunteers (4.1 + 0.8% with TomTec vs. 2.4 + 1% with QLAB, P , 0.001), with large biases and wide limits of agreement. It showed a modest correlation in patients (r ¼ 0.65, P , 0.001) and a poor correlation in healthy volunteers (r ¼ 0.29, P ¼ 0.02) ( Table 2 , Figure 2 ). Moreover, based on the proposed cut-off values for both software packages to predict the response to CRT (8.8% for TomTec and 7.3% with QLAB), agreement between both on the presence or absence of significant LV dyssynchrony in patients was also moderate (k coefficient of 0.55).
Quantification of LV volumes and function
The mean LV volumes and the EF were not significantly different. Excellent correlations were found between both software packages for all of LVEDV, LVESV, and LVEF in both patients and healthy volunteers, and Bland-Altman analysis demonstrated small biases and narrow limits of agreement ( Table 2) .
Prediction of response to CRT
Sixty patients underwent CRT. Six to 12 months after CRT implantation, only reverse remodelling and to a lesser extent decrease in BNP, were appropriate discriminators between responders and non-responders. Nonetheless, the ability of SDI to predict response to CRT 6-12 months after implantation was tested by applying ROC curve analysis according to each of the predefined criteria of response as shown in Table 3 . Assessment of dyssynchrony with either software package only yielded an 
Values are presented as mean + SD. *P , 0.05. acceptable area under the curve to predict reverse remodelling after 6-12 months after CRT implantation as a measure of response (0.71 with TomTec and 0.59 with QLAB). According to the reverse modelling response, 41 patients (68%) were responders. All baseline characteristics were similar between responders and non-responders, except for mechanical dyssynchrony (SDI) assessed by TomTec, which was higher in responders than in non-responders (12.6 + 3.7 vs. 9.9 + 4, respectively, P ¼ 0.01) and QOL which was better in responders than in nonresponders (30 + 17 vs. 43 + 18, respectively, P ¼ 0.02). There was no significant difference in baseline SDI assessed with QLAB between both groups (10.8 + 3.6 vs. 9.3 + 3.5, respectively, P ¼ 0.16). Responders showed significant improvement at the followup in NYHA class, QOL score, 6-MWT, and WMSI, whereas nonresponders did not show any significant improvements. Also, there was significant reverse remodelling with increase in the EF as shown by 2DE and 3DE in responders, whereas in non-responders increased remodelling with a lower EF was generally observed at the follow-up. Both groups had a significant decrease in SDI as assessed by both TomTec and QLAB at the follow-up ( Table 4) .
For the prediction of response based on reverse remodelling, the optimal cut-off value proposed by the ROC curve analysis for SDI was higher for TomTec than for QLAB (8.8 vs. 7.3%, respectively). By applying these cut-off values, the sensitivity and specificity to predict response to CRT were also higher with TomTec software (93 and 61%, respectively) compared with QLAB software (88 and 33%, respectively) ( Figure 3) . When dividing the CRT patients into two groups according to the presence or the absence of ischaemic heart disease (IHD) as an aetiology of heart failure, the sensitivity and specificity remained more favourable for TomTec. By applying optimally defined cut-off values of 8.8% for TomTec and 7.3% for QLAB in patients with IHD (n ¼ 34), sensitivity and specificity were, respectively, 90 and 43% for TomTec and 81 and 33% for QLAB. In patients without IHD (n ¼ 26); however, optimal cut-off values of 9.1% for TomTec and 9.2% for QLAB yielded a sensitivity and specificity of 95 and 100% for TomTec and 70 and 83% for QLAB, respectively.
Inter-observer and intra-observer reliability
Inter-observer and intra-observer reliability for the quantification of LV dyssynchrony as well as the agreement in the determination of its severity in both TomTec and QLAB were good as presented in Table 5 .
Discussion
Three-dimensional echocardiography has been shown to be a feasible and reliable tool for the assessment of LV dyssynchrony and may provide an accurate prediction of response to CRT. 7, 8 One of the issues with 3DE quantification of LV dyssynchrony is that the comparability of SDI measurements by different software packages has not previously been studied. This may result in different values in normals as well as different cut-off values to predict response to CRT, which would significantly impact their interchangeable use in clinical practice.
In the present study, a head-to-head comparison was conducted on the two most commonly used software packages, namely TomTec and QLAB for 3DE quantification of LV dyssynchrony. In addition, their accuracy to predict response to CRT as the main potential clinical quantification of mechanical dyssynchrony was tested. It was demonstrated that there is a significant difference between both software packages in identifying reference values of SDI in healthy subjects as well as in patients with heart failure. This was in concordance with a recent meta-analysis which demonstrated significantly different reference values of SDI in healthy subjects between both software packages. 7 Although in the meta-analysis the observed difference between software packages in heart failure patients was non-significant, it is likely that in the setting of a meta-analysis a significant difference in the measurement of SDI between both software packages is hindered by large variabilities in the presence of dyssynchrony and aetiologies of heart failure between patients. However, this limitation is absent when directly comparing both software packages in individual patients as performed in the present study. 7 As expected, the correlation between measured SDI by both software packages was poor in healthy volunteers due to the minimal range in normal SDI. In heart failure patients, this correlation was modest. Moreover, their ability to predict response to CRT was different. TomTec showed somewhat better sensitivity than QLAB (93 vs. 88%, respectively) and superior specificity (61 vs. 33%, respectively) and this also held true for the subgroups of ischaemic and non-ischaemic patients.
Quantification of mechanical dyssynchrony
The observed difference in the quantification of LV mechanical dyssynchrony between both software packages might be explained by differences in the algorithms of both vendors. Although the versions used of each software package were the most current and are based on highly automated algorithms, minor differences in endocardial border detection as well as the potential need for manual adjustments may be responsible for this difference. Manual editing of the 3DE semi-automatic endocardial border delineation is usually done to obtain more accurate quantification of volumes. In QLAB, only five points are manually placed to generate an LV geometric model whereas in TomTec, the entire endocardial border should be manually traced. 17, 18 Moreover, in QLAB, the final editing done in one frame is automatically reflected to all other frames while in TomTec, it only has a local effect on the generated LV cast. Although the definition of end-systole is done by the user in QLAB, it is only an indicative point and similarly to TomTec, the actual end-systolic point is chosen by the software after analysis. Differences in determining the actual global and segmental end-systolic times might be a reason for the difference in SDI between both software packages. Furthermore, both software packages have significant different segmentation for the apical segments. In QLAB, the apical cap is excluded from the analysis, whereas in TomTec, it is included within the 16th segment model. This difference might further cause some differences because the apex is often implicated in dyssynchrony. Finally, it is worth noting that the good agreement between both software Three-dimensional echocardiographical data for TomTec and QLAB were obtained from 50 patients at the follow-up.
Prediction of response to CRT
Currently, 3DE assessment of LV volumes and EF is recommended over the use of 2DE, as it has been clearly demonstrated to provide more accurate and reproducible measurements. 19 In addition, 3DE-derived LV SDI using either TomTec 20 -23 or QLAB 24 -31 software has been reported as a potentially useful parameter to predict response to CRT. This seems particularly true for determining responders to CRT, due to a uniformly high sensitivity found in all studies ranging between 88 and 100%. 7 More inconsistency is observed between studies regarding the specificity of SDI to determine non-responders. Nevertheless, the prediction of non-response is equally important since CRT is an expensive and invasive therapy. In addition, there has been a lack in defining a common cut-off value of SDI to separate responders from nonresponders with different cut-off values between studies, varying between 6.4% 22 and 11.9%. 30 In the current comparative study, we investigated the potential impact of using different software packages on the quantification of LV dyssynchrony and its subsequent clinical results. It was demonstrated that both TomTec and QLAB software packages had different SDI cut-off values (8.8% for TomTec and 7.3% for QLAB) with different sensitivities and specificities to predict response to CRT based on the reverse remodelling response, which in general were more in favour of TomTec.
In comparison with previous studies, the sensitivity of TomTec (93%) was as high as reported with a somewhat lower specificity (61%), although a study by Kapetanakis et al. 23 also reported a low specificity of 43%. For QLAB, the sensitivity (88%) was also comparable, yet the specificity (33%) was poor. The inability of SDI using both software packages to predict response to CRT based on the clinical and NT-proBNP response definition is not unexpected as it is known that the used clinical parameters are very subjective and their response measure may relate in part to the placebo effect of device implantation. Similarly, several randomized control trials that evaluated BNP-guided treatment have given conflicting results. 32 Therefore, as these parameters could not differentiate responders from non-responders at baseline except for QOL that showed a weak significant difference, they might lose their validity as a response measure and only reverse remodelling that is an objective reproducible parameter could be used.
Effect of aetiology of cardiomyopathy on response prediction
It is known that patients with IHD have a worse prognosis and that the global scar burden as well as posterolateral scar negatively impact response to CRT. 33 -35 This can explain two important findings in the present study; first, the lower response rate in patients with IHD in contrast to patients without IHD (59 vs. 81%, respectively), despite a significant decrease in mechanical dyssynchrony after implantation of CRT in both groups as denoted by both software packages (Table 4) . Therefore, the presence of IHD in non-responders might hamper the response to CRT despite effective pacing. Vice versa, good to excellent sensitivity and specificity for the prediction of response to CRT was observed with both software packages in patients without IHD, in particularly when using the TomTec software. These findings may be of great clinical value as they suggest that dyssynchrony assessment using 3DE might provide an excellent prediction of CRT response in the large group of patients with idiopathically dilated cardiomyopathy in which the confounding factor of scar tissue is absent.
Future perspectives
A prospective multi-centre study in a large population of CRT eligible patients is warranted to provide a more definite answer to the ability of SDI to predict response to CRT. In addition, studying patients with and without IHD separately may strengthen the notion that mechanical dyssynchrony assessment by 3DE may be sufficient to adequately predict response to CRT, particularly in patients without evident scar tissue. Investigating potentially more robust and automated 3DE techniques such as 3D speckle tracking echocardiography might offer better applicability. 36 Moreover, the addition of other 3D imaging techniques such as triplane tissue synchronization imaging that assesses the difference in time to peak systolic segmental myocardial tissue velocities to 3DE-derived SDI may provide an incremental value for the prediction of response to CRT over its assessment with only one technique. 37 Furthermore, integrating both segmental time-to-contraction as well as segmental contractile function by using novel 3DE-derived dyssynchrony parameters might improve the predictability 14 . Ultimately, however, universally accepted definitions of LV dyssynchrony and response to CRT as well as adequate standardization between different software packages remain essential for 3DE to be of broader clinical use within the setting of dyssynchrony assessment and response prediction to CRT.
Conclusion
Different 3DE software packages for the assessment of mechanical dyssynchrony should not be used interchangeably until better software standardization is achieved. However, dyssynchrony assessment with 3DE for the prediction of response to CRT does seem particularly useful in patients with non-ischaemic cardiomyopathy. TomTec software package seems more accurate than QLAB for the prediction of response to CRT.
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